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Carrying weapons internally has aerodynamic
advantages in flight. Cavities (open weapons bays) in
An experimental investigation was conducted in the aerodynamic surfaces, however, can generate both steady
Langley 8-Foot Transonic Pressure Tunnel to determineand unsteady flow disturbances. Changes in mean static-
the flow characteristics of rectangular cavities with vary- pressure distributions inside the cavity can result in large
ing relative dimensions at subsonic and transonic speedspressure gradients, and the unsteady flow disturbances
Cavities were tested with width-to-depth ratw# of 1, can generate self-sustaining oscillations which, in turn,
4, 8, and 16 for length-to-depth ratidl of 1 through generate acoustic tones that radiate from the cavity. Both
17.5. The maximum cavity dimensions were 42.0 in. in the steady and the unsteady flows can present difficulties
length, 9.6 in. in width, and 2.4 in. in depth. The bound- for store separation from an internal weapons bay. The
ary layer approaching the cavity was turbulent and hadsteady flows can generate large nose-up pitching
an approximate thickness of 0.5 in. Unsteady- and mearmoments, and the unsteady flows can induce structural
static-pressure measurements were made at free-streawibration. To ensure safe carriage and separation for sub-
Mach numbersM _, from 0.20 to 0.95 at a unit Reynolds sonic and transonic speeds, the flow fields that develop
number per footR, of approximately 108, in cavities must be thoroughly characterized. The experi-
Unsteady-pressure results are presented in this papemental study described herein was designed to accom-
which is a companion paper to one previously publishedplish this by obtaining mean static-pressure distributions
on static-pressure results (NASA TP-3358). and unsteady-pressure spectra in cavities with varying
relative dimensions. The primary parameter of interest
Unsteady-pressure results indicate that, &8  \was the cavity length-to-depth ratith because the cav-
increases, cavity flows changed from resonant to nonresity flow field is known to depend otih (ref. 6). Two
onant with resonant amplitudes decreasing gradually.other parameters, free-stream Mach numigr and the
Resonant spectra are obtained largely in cavities withratio of cavity width-to-deptiw/h, are included in this
mean static-pressure distributions characteristic of openstudy as they can affect the valued/bfat which flow
and transitional flows. Resonance does occur for closedypes change (refs. 6 and 2, respectively). (Other parame-
flow in some cases. Other results indicate that increasingers that affect the values th at which flow types
cavity width or decreasing cavity depth while holdiffty  change, not examined in this study, include the ratio of
fixed has the effect of increasing resonant amplitudes anthoundary-layer height to cavity depth (ref. 1) and the
sometimes inducing resonance. The effects due togcation of stores in the cavity (ref. 215tatic-pressure
changes in width are more pronounced. Decrealsing  data from this study have been used to define flow field
has the effect of broadening the resonances. The effect§pes and to determine parameter sensitivities (ref. 5).
of varying length andVl,, on the resonant frequencies Unsteady-pressure results are presented in this paper and
are consistent with the Rossiter equation. The values ofgre used to identify parameter combinations that support
the resonant frequencies display a slight sensitivity tocavity resonance and the effects of parameter changes.
changes in widthv and deptth for low values of/h. This report is a companion paper to the previously pub-
lished paper on static-pressure results, NASA TP-3358
(ref. 5). An electronic “Supplement to NASA TP-3669”
containing the spectral data presented graphically in this
With renewed interest in internal carriage of stores report in ASCII format is available on request as a
and the need to safely separate stores over the entir€D-ROM. A request form is included at the back of this
flight envelope of the aircraft, knowing the cavity flow report.
environments for all operational speeds is important.
Many investigations, both primarily experimental (refs. 1 Symbols

Summary

Introduction

through 29) and primarily computational (refs. 30 A As A
through 40), have been conducted to study the flow fields™ 1 2 '3
in rectangular cavities. These studies largely concen-AC
trated on mean static-pressure distributions and/orgy
unsteady-pressure spectra in cavities. They were con-_"
ducted at speeds ranging from subsonic through hyper-—p
sonic, with the largest amount of effort concentrated onf
supersonic speeds since military aircraft generally oper- ¢ 1
ate supersonically. Radiated acoustic pressure (refs. 24, U,
25, 27, and 28) and store separation characteristics' m
(refs. 18 through 23) have also been obtained in soma=PL
studies.

constants from ramped sinusoidal function
alternating current

free-stream acoustic wave speed, fps
pressure coeﬁicieng

frequency, Hz °
reduced frequency
frequency of lengthwise acoustic mode, Hz

fluctuating-pressure level, normalized with
respect tag,,, dB



M Mach number

M, free-stream Mach number

m longitudinal mode number

OASPL overall sound pressure level, dB

p measured surface static pressure, psi

p’ measured unsteady pressure, psi

Prms root-mean-square preSSlWép’)z, psi

Po, free-stream static pressure, psi

Pt o free-stream total pressure, psi

Jy, free-stream dynamic pressure, psi

R, free-stream unit Reynolds number per foot

SPL sound pressure level, normalized with
respect to audible sound, 2907 psi, dB

Tt free-stream total temperatufé,

U velocity, fps

U, free-stream velocity, fps

w cavity width, in.

X distance in streamwise direction, positive
downstream, in. (see fig. 4(b))

y distance in spanwise direction, positive left
facing upstream, in. (see fig. 4(b))

z distance normal to flat plate, positive down,
in. (see fig. 4(b))

a empirical constant related to phase between
instabilities in shear layer and upstream
traveling pressure waves, functionlf,

0.25 (ref. 6)

y ratio of specific heat of test gas at constant
pressure to that at constant volume, 1.4 for
air

0 boundary-layer thickness, measured at cen-
ter of leading edge of cavity, in.

Background

cavity depth, in.

empirical ratio of shear layer and free-
stream velocities, function & ,, 0.57
(ref. 6)

cavity length, measured in streamwise
direction, in.

speeds are used for reference because off-surface flow
visualization and extensive computational studies are
available for validation. Figure 1 presents schematics
of the supersonic flow field types and the associated
characteristic mean static-pressure distributions. These
flow field types—open, closed, transitional-open, and
transitional-closed—are briefly discussed in the follow-
ing paragraphs. (It is important to note that the use of the
word “transitional” in relation to cavity flows does not
refer to transition from laminar to turbulent flow.) Fol-
lowing this discussion, a description of the flow field
types identified for transonic flows is presented. As with
supersonic cavity flow types, the subsonic and transonic
flow types are defined by their characteristic mean static-
pressure distributions and the valued/bfidentified as
bounding the various flow types are approximate, limited
by the increments used in varyitib.

Cavity Flow Field Types for Supersonic Speeds

The first cavity flow field type identified for super-
sonic speeds generally occurs when the cavity is “deep”
(a small value oi/h), as is typical of bomber aircraft
bays, and is termed “open cavity flow” (fig. 1(a)). Open
flow occurs in cavities with values d&fh less than or
equal to 10. For this regime, the flow essentially bridges
the cavity and a shear layer is formed over the cavity.
This flow produces a nearly uniform static-pressure dis-
tribution along the floor of the cavity which is desirable
for safe store separation. However, when open cavity
flow occurs, a cavity resonance can be sustained. The
mechanism that produces this resonance is understood to
be the reinforcement between instabilities in the shear
layer and upstream-traveling pressure waves generated at
the aft wall by the time-varying impingement of the shear
layer. These oscillations can generate high intensity
acoustic tones that can induce vibrations in the surround-
ing structure, including the separating store, and lead to
structural fatigue (refs. 29 and 40). The frequencies at
which these tones occur can be predicted with a semi-
empirical equation known as the modified Rossiter equa-
tion (ref. 8)

f o m—a(l/h)
my >
M, [T+ [(y-1)2IME + 1K(M,,)
Here f, is the frequency of a given lengthwise acoustic

mode;l, the cavity lengthlU ,, the free-stream velocity;
m, the longitudinal mode numbel ,, the free-stream
Mach number; ang, the ratio of specific heat of the test

Flow field types for transonic speeds have been iden-gas at constant pressure to that at constant volume (taken
tified based on a detailed evaluation of static-pressureto be equal to 1.4 for perfect gases). Two empirical con-
measurements (ref. 5) and referenced to established flovstants are in this equatiom; which depends olth and is
field types for cavities in supersonic flows (refs. 2, 20, related to the phase between the instabilities in the shear
and 21). The flow field types identified for supersonic layer and the upstream traveling pressure wavesk.and
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which depends oM and gives the relative speed ofclosed and transitional-open flow fields have not been
the instabilities in the shear layer to free stream. Thedetermined.

values for the coefficientst and k are taken from ) _ i

reference 6 as 0.25 and 0.57, respectively. (The value of ~Subsonic and Transonic Flow Field Types

a was obtained for aith value of 4.0 an#t was an aver- Figure 2 (reproduced from ref. 5) gives the charac-
age of values obtained for a range\df, from 0.40 to teristic static-pressure distributions for the various flow
1.20.) The modification (ref. 8) of the Rossiter equation field types defined for subsonic and transonic speeds. As
(ref. 6) equates the cavity sound speed to the stagnatiowith supersonic flow, open and closed cavity flow occur.
sound speed to accommodate high-speed flows. For the range offh between those for open and closed
flow, a gradual change occurs from open to closed flow
and thus a single transitional type flow is defined (rather
than transitional-open and transitional-closed as for

The second type of cavity flow identified for super-
sonic speeds occurs for cavities that are “shallow” (large

I fi/h [ ical of missil figh ir- , . . :
values ofi/h, as s typical of missile bays on fighter air supersonic flow). In this regime, the flow turns into the

craft, and is termed “closed cavity flow" (fig. 1(b)). cavity and may or may not impinge on the cavity floor

Closed flow occurs for cavities with valuesltf greater . . .
than or equal to 13. In this regime, the flow separates atbefore turning out and exiting. At transonic speeds, flows

the forward face of the cavity, reattaches at some pointwith static-pressure distributions similar to the super-

along the cavity floor, and separates again before reach_sonic transitional-open and transitional-closed bound the
ing the rear cavity f,ace This flow produces a mean transitional flow regime as indicated in figure 2. The
static-pressure distributio.n with low pressure in the for- characteristics of the static-pressure distributions used to

ward region, a plateau in the attached region, and highdeflne the flow types in reference 5 are summarized and

pressure in the aft region. Impingement and exit shocks9'Ven subsequently.

are observed. The adverse static-pressure gradient pro- Open cavity flow has a uniform pressure distribution
duced by closed cavity flow can cause the separating(C,=0) for values ofx/l up to approximately 0.6. Aft
store to experience large pitching moments that turn theof that point the pressure distribution increases with
store nose into the cavity. Acoustic tones generally doincreasingx/| and has a concave up shape. The change
not occur for closed cavity flow at supersonic speeds.  from open to transitional cavity flow (# increases) is
identified by a change in pressure distribution from con-
cave up to concave down in the aft portion of the cavity.
(This distribution is similar to that for supersonic
transitional-open flow.) The concave down pressure dis-
tribution for x/I above approximately 0.6 is typical of

' transitional cavity flow for transonic speeds. A&

The third and fourth cavity flow field types defined
for supersonic speeds are termed “transitional
(transitional-open and transitional-closed)” and are flow
fields that occur for cavities that have valued/bfthat
fall between closed and open cavity flow, that is
values of I/h between approximately 10 and 13. . e

" . ) increases, the distribution gradually changes to one
Transitional-closed cavity flow (fig. 1(c)) occurs when . . .

. : marked by a uniform increase from negative values near
I’h is decreased from a value corresponding to closed o

. . : L the front face to large positive values near the aft face
cavity flow. The change in flow field type is signaled by ,_." . : " s

LI . . (similar to the supersonic transitional-closed distribu-
the collapse of the impingement and exit shocks into a.; o .
. ! . tion). The flow becomes closed (with increasitil)
single shock and the disappearance of the plateau in the

: oh . ... _When an inflection point occurs in the pressure distribu-
mean static-pressure distribution. The shock signifies_. ; _ . . :
: : tion at approximately/l = 0.5. With further increase in
that although it does not remain attached, the flow has . ; . Co
I/h, the inflection point becomes a plateau (a distribution

impinged on the floor. Similar to closed cavity flow, . . :
: . .. typical of closed cavity flow observed at supersonic
large static-pressure gradients occur along the cavity

. - . “speeds). With still further increase lith, a dip in pres-
floor and can contribute to large nose-up pitching .
. . sure develops aft of the region of level pressure and for-
moments. With a very small reduction liftn from the ; .
. " .. ward of the aft pressure rise. The maximum value of the
value corresponding to the transitional-closed cavity

. . closed pressure distribution remains approximately the
flow, the impingement-exit shock wave abruptly changes ) o

: ) R ame as that observed at the boundary with transitional
to a series of compression wavelets; this indicates thal

S . flow. Again, note that the boundaries between the flow
although the shear layer no longer impinges on the caV|tyt es are aporoximate and are limited by the spacin
floor, it does turn into the cavity. This type of flow is yp pp y P 9

. " . e between measurement locations and the increments by

referred to as “transitional-open cavity flow” (fig. 1(d)). :

. ; Lo . whichl/h was changed.
For this type of flow field, longitudinal pressure gradi-
ents in the cavity are not as large as for transitional-  The occurrence of the various flow field types was
closed cavity flow, and consequently, the problem of found to depend on free-stream Mach numbéy,
store nose-up pitching moment is not as severe as closedavity length-to-height ratid/h, and cavity width-to-
cavity flows. The acoustic fields for the transitional- height ratiow/h. A sketch from reference 5 showing this
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dependence is provided as figure 3. The flow field typeswere tested from the 42.0 in. maximum to 1.2 in. The
that occurred for each combination BfF did are depth of the cavity could be varied by changing the posi-
indicated for four configurations each with differevih tion of the floor. For this test, the cavity floor was posi-

values. Boundaries have been drawn delimiting the flowtioned to achieve depths of 0.6, 1.2, and 2.4 in.
field types for each configuration. At transonic speeds, as(Changing cavity depth required replacing the aft wall.)
seen in figure 3, open flow occurs in cavities vidthval- The width of the cavity could be varied by installing cav-

ues up to a maximum value between 6 and 8 and closedty side walls with different thicknesses. For this test,

flow occurs for cavities witli/h values down to a mini-  cavity widths were set at 2.4 and 9.6 in. (Changing cavity
mum value between 9 and 15. Consequently, transitionalwidth required replacing the aft wall as well as the slid-
cavity flow can occur for a range Bh values as narrow  ing component of the downstream plate.)

as 1 wh=1andM_, =0.20) and as broad asih(= 8 .

andM,_, = 0.95). The effect of these flow fields on the Brackets were positioned on the surface of the flat
store carriage and separation characteristics is similar tgate; downstream of the aft wall, to prevent the cantile-
that observed at supersonic speeds for like pressurd€'€d portion of the sliding assembly from deflecting

distributions (ref. 23). above the plate surface. The brackets were used for most
configurations and consisted of two metal supports
Experimental Methods downstream of the cavity, positioned to overlap the slid-
ing assemble and the flat plate. Figure 5(a) is a photo-
Model Description graph of the brackets positioned on the model, and

f | ith | hree-di ional figure 5(b) is a sketch of the bracket details. The maxi-
A flat plate with a rectangular, three-dimensional ., gistance the sliding assembly could be cantilevered
.Ca"'Fy was mounted in the center of the tunnel'as ShO.V"nforward of the brackets was approximately 6.5 in. Data
:c_n flguri 4(a). The .plalte, shown schdematlijally N were actually taken with the aft wall of the cavity posi-

igure 4(b), was 111.0 in. long, 48.0 in. wide, and 1.0 in. ioneq forward of the bracket leading edge at distances
thick. It had a 6.0-in-long elliptic leading-edge contour ., nqing from 0.0 to 6.0 in. (A model change was required
and a 12-in. wedge-shaped ftrailing-edge contour. A, position the brackets for a specified range of aft wall

boundary-layer transition strip was applied to the leading .o ement. Several model changes were required to
edge of the flat plate in order to ensure that the flow 54,y the aft wall to traverse the full length of the cavity.)

approaching the cavity was fully turbulent for all condi- g yrackets were designed to minimize the interference
tions. According to the recommendations in refer- o, e nstream flow. No assessment of the impact the

ences 41 and_ 42, a strip of No. 60. grit was applied .in 4prackets had on the unsteady-pressure data was done.
band of 0.10 in., approximately 1 in. aft of the leading

edge of the flat plate. The model was supported horizon-
tally along the centerline of the tunnel by six legs. The
forward two legs on each side were swept forward to dis-  The test was conducted in the Langley 8-Foot
tribute longitudinally the model cross-sectional area for Transonic Pressure Tunnel, which is a closed-circuit,
blockage considerations. Two guy wires were attached tocontinuous-flow, single-return pressure tunnel. The
opposite sides of the plate to increase lateral stiffness an@-Foot Transonic Pressure Tunnel is capable of operating
stability. A fairing was placed around the cavity on the at M, from 0.20 to 1.30 and can achiRg  from>0.1
underside of the plate for aerodynamic purposes. 10° to 5x 1P by varying stagnation pressupe,,  from

. . 1.5 to 29.5 psi. (Free-stream conditions are for tunnel
The cavity was located 36:0 n. aft of the leading empty along the centerline of the test section.)
edge of the flat plate.The maximum dimensions of the

cavity were 42.0 in. long, 4.2 in. deep, and 9.6 in. wide. For this test, the flat plate was positioned along the
The length of the cavity could be varied by remote con- centerline of the tunnel at angles of attack and yaw,of 0
trol of a sliding assembly (unsealed) that combined theand M was varied from 0.20 to 0.95 at unit Reynolds
aft cavity wall and a portion of the plate downstream of numbers between 2 10° and 5x 10°. The nominal test
the cavity. (See fig. 4(b).) A number of cavity lengths matrix is given in the following table:

Wind Tunnel and Test Conditions

M, R, U, fps a,, fps Pt PSI Ty °F J,, PSi 9, in.

0.20 2.2x 1P 230.3 1151.5 26 97 0.7 0.45
0.40 3.6 456.8 1142.0 22 101 2.2 0.48
0.60 4.7 671.1 1118.5 21 99 4.1 0.47
0.80 3.8 876.2 1095.3 14 104 4.2 0.50
0.90 34 976.4 1084.9 13 110 4.2 0.52
0.95 3.4 1019.8 1073.5 12 107 4.2 0.55




Although the model was large (3 percent tunnel block- Data were recorded on analog tape (frequency mod-
age), reference 5 presents data that indicate no significantilated) with standard IRIG (Inter-Range Instrumentation
deviation existed from the tunnel calibration, and thus no Group) wide-band format at a tape speed of 7.5 in/sec
corrections were applied to eithéf or, for this (modulation band of 0 to 10 kHz with a dynamic range of
test. 50 dB). A sine wave calibration (150 dB at 1 kHz) was
applied to each dynamic pressure transducer several

“The values for boundary-layer thickness given are times throughout the test and recorded as data.
estimates based on total-pressure measurements through

the boundary layer and the traditional definition of The plate and cavity were instrumented with
boundary-|ayer thickness. The edge of the boundaryl48 StatiC-preSSUfe orifices. The deSCfiption of the
|ayer is defined as the he|ght above the surface at WhicfﬁtatiC-pressure instrumentation and data are presented in
U/U_ = 0.99. The value of U/U_ was calculated reference 5.
from the equation

Data Reduction

U M |1+ 0.2M020 Following the test, the analog data were played back
U0 M T and digitized at 5 kHz with a 2.5-kHz antialiasing filter.
® i 1+0.2M The upper frequency of 2 kHz was chosen for presenta-

) tion based on the expected resonant frequencies given the
obtained from reference 43. Total-pressure measureyange of cavity lengths and flow speeds. Digitized data
ments were made with a total-pressure rake positioned afyere divided into 49 blocks of 2048 points each. Blocks
the leading edge of the cavity with the floor positioned were Fourier analyzed by using a Hanning window, and
flush with the plate and &10-psid ESP (electronically  the resulting spectral density estimates were averaged.
scanned pressure transducer). The quoted accuracy of thenis process produced averaged spectral density esti-

ESP is+0.15 percent full scale0.02 psi). mates (referred to as “spectra” in this report) with a reso-
_ lution of 2.44 Hz and a 90 percent confidence interval
Instrumentation and Measurements between 78 and 125 percent of the true value (90 percent

confidence that the spectral estimate will be between

. The unsteady-pressure measurements were made; 5 and+1.9 dB of the true spectrum). This confidence

with flush-mounted miniature dynamic pressure trans- ggrimation is based on a chi-square distribution which
ducers. Figure 6 provides the instrumentation layout. The;cq mes  an ergodic Gaussian random process and

transducers were piezoresistive with a full-scale range Ofindependence of the sample blocks. (See ref. 44
5 psid and a resonant frequency of 85 kHz. In order topp_ 284-286.) ’

utilize the maximum sensitivity of the transducers, the

mean component of the pressure measurement was Data are presented in two forms, sound pressure
removed. The first step in accomplishing this was install- level (SPL) as is customary in acoustics and uses a refer-
ing the transducers in a differential configuration with a ence pressure that corresponds to the threshold of
local static pressure as a reference (supplied to the bachkearing:

side of the diaphragm). Ten ft of 0.020-in. inner-diameter

flexible tubing was used between the static-pressure ori- 0 Pgs O
fice and the transducer in order to damp out any pressure SPL = 20 Iog}—————:g——_D
oscillations in the reference pressure. All the transducers, [2.9x 10~ psill

except the one on the aft wall, used the pressure orifice at . . . :
x=2.0in.,y = 2.4 in., an& = h as the reference. Since and fluctuating pressure level (FPL) in which pressure is

the aft wall typically experienced higher mean pressures’ondimensionalized by, ~ as
than the cavity floor, the transducer in the aft wall used a

separate local reference. The location of the aft wall ref- _ Prmsd %.Qx 10 psid
erence was specified gs= 0.0 in. andx = |, with az FPL = 20 Iog]qu E_ SPL+ 20 lo 0 dy, E

coordinate that depended on the availability of pressure

orifices in the various aft walls used for the various cav- ; ; ;

ity depths. (The available locations ranged from 63 to SPL s plotted as a function of frequenlcy and FPL s plot
74 percent of the cavity depth.) A second step in remov-ted as a function of reduced frequerfcl-}_;j—. All data are
ing any mean component in the signal (a possibility due ) o ® )
to the physical separation between transducer and referPeseénted in both forms in this report. The latter form is
ence orifice) was to AC couple the instrumentation used to facilitate the identification of Rossiter frequen-

which electronically filtered out any mean offset. cies or to remove effects duedg.



Spectra, or more accurately autospectra, are obtaineg¢orresponding to open, transitional, and closed flow. For
from the autocorrelation functions of individual signals completeness, the plots in the top row of the figures con-
from individual transducers. A cross spectrum can simi- tain spectra from all the valuesldtf that were identified
larly be obtained from the cross-correlation function in reference 5 as supporting open, transitional, or closed
between two signals. The cross spectrum includes phasélow. Below these plots, for clarity, there are selected
information from which it is possible to obtain the time plots of individual spectra (a maximum of three when
delay between the two signals. (See ref. 45, pp. 66—68.available: spectra from the shortest, an intermediate, and
A linear phase shift indicates a constant propagation orthe longest cavity length supporting each flow field
convection speed between two measurement locations. Aype). These data are examined in the section “Effect of
limited amount of cross-channel phase data is examinedCavity I/h and Correlation With Open, Transitional, and
in this report. Closed Flows.” Figure 16 summarizes the parameter

combinations that support cavity resonance.

Results and Discussion In order to attempt to gain more insight into the cor-

relation between mean static-pressure distributions and
unsteady-pressure spectra, cross-channel analysis was
The data presented in this report are predominantlyused. Figures 17, 18, 19, and 20 present phase data
from a single transducer (transducer 1), located atobtained in cavities with the following flow characteris-
x=0.3in. andy = 0.0 in. (0.3 in. below the leading edge tics: closed without resonance, open with resonance,
of the cavity on the forward wall). Although the transitional with resonance, and closed with resonance,
unsteady-pressure spectra varied with location in the cavrespectively, and are discussed in the section “Flow Field
ity, the data obtained from transducer 1 are considered tAnalysis by Using Cross-Channel Analysis Between
be most representative of the unsteady-pressure field an@ransducers.”
to contain the most information with which to discrimi-
nate between resonant and nonresonant conditions. Fi
ures 7 through 10 provide data to support this choice an
are discussed in the section “Effect of Transducer Loca-
tion.” (This section and the one entitled “Flow Field sented in figure 21 foFPL%‘I—E obtained in cavities
Analysis by Using Cross-Channel Analysis Between Us,
Transducers” are the only sections that include data fromWith the two widths. The figure is divided into parts (a)
more than one transducer.) Figures 7 through 10 illus-through (1), each corresponding to a different valukof
trate the variation in unsteady-pressure data with location(4 through 17) and containing data for the rang#gf.
in the cavity for typical resonant and nonresonant condi-These data are discussed in the section “Effect of Cavity
tions. Figures 7 and 9 _prowde spectra @pabtained at  \yigin.”
all measurement locations in a resonant and a nonreso- ) i . i
nant cavity, respectively. Peak amplitudes from the spec-  Figure 22 contains a similar presentation of data as
tra presented in figure 7 are plotted as a function offigure 21 .but is for spectra from cavities for two and,
cavity location in figure 8. OASPL (overall sound pres- When available, three different valuesiog2.4, 1.2, and
sure level obtained from the integration from 0 to 2 kHz) 0-6 in.) at a constant = 9.6 in.). The figure is divided
of the spectra presented in figure 9 are presented iiNte parts (a) through (I), each corresponding to a differ-
figure 10 as a function of cavity location. Figure 11 pro- €Nt value of/h (2 through 15) and is discussed in the sec-
vides the static-pressure distribution corresponding totion “Effect of Cavity Depth.
figure 10. Previous results obtained for subsonic and low tran-
sonic cavity flow fields (refs. 4, 10, and 11) indicate that

araBrr?é:;L:IS/E t?erca(;/)ltytﬂ(e)Wvgrliaaebllz rgg\s,f segsoltc;\é? f/(v)atge static-pressure distributions and unsteady-pressure spec-
P L ty tra are very sensitive td1,.  Figures 21 and 22 are

Sﬁst'(?rsli? dto Iellg)?vghti:essjgiftv{:sesg:?eg ffglrﬁcilr;gt(\)/a‘{;e(')s Ofreferred to in the section “Effect of Mach Number” for
in wheregslv andh were héld constant fov/h _ 14 8. discussion of effects oM, on the spectra. Figure 23
aﬁ’ci 16. Figures 12, 13, 14. and 15 present spe’ctr’é)’SPL presents typica:c observ%(;I and predicted reTo(;mant fre-

. P ) qguencies as a function dfl ,.  Experimental data are
for all values of/h forw/h =1, 4, 8, and 16, respectively. given for all four cavity configurationsmh = 1, 4, 8,

The figures are each divided into parts (a) through (f),
; and 1§ for two values ofi/h (4 and 7). These data are
which correspond tv, = 0.20, 0.40, 0.60, 0.80, 0.90, repres?entative of all data obt(ained. )

and 0.95, except figure 15, which has three parts corre-
sponding toM_, = 0.80, 0.90, and 0.95. Each part of fig- In the spectra to follow, occasionally peaks that
ures 12 through 15 contains three groupings of plotsare not associated with cavity resonances occur at

Presentation of Data

Available data allowed comparisons between spectra
rom cavities with a giverl/h for two values ofw
2.4 and 9.6 in.) at a constamt= 2.4 in. Data are pre-
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frequencies that do not change with cavity length. These  For the nonresonant case, the spectra presented in
spectral peaks are attributed to tunnel or other hardwarefigure 9 show a broadband trend that is similar to the
flow sources and are not included in the following dis- resonant condition, except that there is a slight decrease
cussion. (For example, as is seen later, all spectra prein level measured by the two aftmost transducers on the
sented forM_, = 0.40 contain peaks at approximately cavity floor. This change in broadband level with cavity
170 Hz.) location is quantified in figure 10 by using OASPL. The
distribution of OASPL shows a slight correspondence to

Note that the dynamic range of the instrumentation the static-pressure distribution, which is seen in compar-
was 50 dB and the choice of the decibel range for the. b ' b

. ing figures 10 and 11: lower values of OASPL in the
plots was made for presentation purposes. Scales wer T
. - ow-pressure separated region just aft of the rearward-
expanded to allow comparisons of spectra with different

levels: 80 dB was used in figures 12 through 15; 70 dBfacmg step, increasing in the attachment region, remain-
s ) . ._ing somewhat level in the attached region, and decreas-
was used in figures 21 and 22; and 60 dB was used in fig- : ; L ;
ng slightly in the vicinity of the aft separation and
ures 7 through 10. Scales were contracted to present mugl'ncreasin where the flow impindes on the aft wall
tiple individual spectra: 40 dB was used in figures 12 9 ping '
through 15. Note that the limits in the scales vary in fig- There were three reasons for choosing transducer 1
ures 12 through 15. The contracted scale represents for data comparisons. First, of all the locations in the
compromise; some data were sacrificed in order to main-cavity, only spectra obtained on the forward and aft walls

tain resolution. (See, for example, fig. 13(d).) contained all the resonant peaks for all cavity lengths.

. i ” _ (This is seen in fig. 8.) Second, of these two locations,
. _An electronic "Supplement to NASA TP .3669 €O the ratio of peak amplitude to broadband noise (signal to
taining the spectral data presented graphically in this

report in ASCIl format is available on request as a noise) was greater at the forward wall. (This is seen in

> . fig. 7.) Third, of the three transducers located on the for-
rc;[;;)TtOM. A request form is included at the back of this ward wall, only transducer 1 was exposed for all cavity

configurations.

Effect of Transducer Location Effect of Cavity I/h and Correlation With Open,

From the typical unsteady-pressure spectra presented  1ransitional, and Closed Flows
in figure 7, it is apparent that both broadband levels and For this study,| was varied from 1.2 to 42.0 in.,
resonant peak amplitudes vary with transducer location.whereasv andh were held constant to achieve values of
The broadband levels increase monotonically with  w/h of 1, 4, 8, and 16. These four values wfh
whereas the peak levels do not. As described in refercorresponded tw = h = 2.4 in.;w=9.6 in.,h =2.4in.;
ences 8, 9, 11, and 16, peak amplitudes are expected t@ = 9.6 in.,h = 1.2 in.; andw = 9.6 in.,h = 0.6 in.,
coincide with mode shapes that are similar to but notrespectively.
identical to the classical standing wave patterns observed

in longitudinal box resonators. It has been demonstrated N general, the data presented in figures 12
that mode shapes observed in rectangular cavitiednrough 15 show that aéh increases, cavities change

exposed to aerodynamic flow can be described by equafrom being resonant to being nonresonant with their peak

tions with the form of a ramped (increasing wijtsinu- amplitudes decreasing gradually. This pattern is expected
soidal function (ref. 16), such as for a cavity changing from supporting open to a closed

’ flow. (Some exceptions occur for which individual peak
(plrms)m} (p’rms)m}

amplitudes increased for midrange valued/lofas seen
20 Iog{— =20 Iog{— in fig. 13(d) forl/h = 7 and 9.) Resonant spectra are
Uos o0 obtained largely in cavities classified as supporting open
and transitional flow. (Some exceptions are observed
X including the lack of resonance for most cases of open
CO%mia} flow at M = 0.2 and occasional instances of reso-
nance for closed cavity flows as seen, for instance, in
Herem indicates mode number. For the case presented irfig. 13(d) for I’lh = 10.4. Furthermore, an occasional
figure 8 (v = 9.6 in.,h = 2.4 in.,I/h = 10), this equation  instance of resonance occurs for closed flow with
can be written as increased amplitude as seen in fig. 13(c) lfor= 9.)
Figure 16 provides a chart indicating the configurations
(SP'-)m\X/I = (SPL and conditions that support resonance. Since the decrease
in peak amplitude occurs gradually with changifig
co%[m %(a + 1.8%1— ZD} identifyi_ng the exact point at which resonance no longer
occurs is often difficult. For the purpose of this chart, the

x/1 x/1=1

X

m‘x/I:l

_ 10[1—

| O

7



spectra are considered resonant when the differenceoncluded from figures 19(b) and (c) (floor-mounted
between peak and background levels is greater than 6 dBransducers); this suggests two competing phenomena or
(peak pressure twice the background level). This charta standing wave. The loss of phase data on the floor
indicates that for a given value df ,  (with the excep- could also indicate impinging flow. Phase data for closed
tion of M, = 0.20), cavities with larger values wfh flow with resonance also indicate upstream feedback
sustain resonances at higher valued/lof For a given  between the fore and aft walls (fig. 20(a)). Data from
configuration, the boundary between resonant and non{ocations along the floor, given in figures 20(b) and (c),
resonant cases occurs at a nearly constédntfor indicate largely streamwise flow at frequencies above
M, = 0.60 and above; this differs from tihé_ depen- approximately 800 Hz.

dence that the boundary between transitional and closed

flows exhibits. Effect of Cavity Width

One more observation can be made from figures 12  The cavity width was adjusted to achieve values of
through 15. First, the frequencies at which resonance2.4 and 9.6 in. at a constamt 2.4 in. Figure 21 illus-
occur decrease with increasilij as would be expected trates a clear increase in resonant amplitudes whisn
from the Rossiter equation. As a consequence of this,increased from 2.4 to 9.6 in. Further, there are cases for
more resonant peaks are apparent in the frequency banghhich increasing the cavity width induces resonance.
of analysis (0—2000 Hz) for increasihb. (See fig. 21(f) for Mach numbers 0.80 through 0.95.)

) ) ] These results are consistent with the static-pressure

Flow Field Analysis Using Cross-Channel results presented in reference 5, which indicate that nar-

Analysis Between Transducers rower cavities tend toward closed flow where the poten-

The previous section, “Effect of Cavitéh and Cor-  tial for resonance is reduced. A slight increase in the
relation With Open, Transitional, and Closed Figws reduced frequencies at which the resonant peaks occur is
contained the observation that resonance could occur foRlso observed for cavities at lower values|/bf with
transitional and closed cavity flows. Since the traditional increasingw. This effect decreases with increasifig
model for cavity resonance requires the time-varying
impingement of the shear layer on the aft wall for one  Effect of Cavity Depth

component of the feedb_ack loop, data.ind!cating réso- The depth of the cavity was adjusted to achieve val-
nance simultaneously with shear layer impingement ONLas of 2.4. 1.2. and 0.6 in. at a constant 9.6 in.

the cavity floor require further.examman_on. Cross- Figure 22 shows that although the peak amplitude levels
channel analysis for closed cavity flow without reso- \ ere nearly the same for the various depths, the back-
nance and open cavity flow produced the expectedy ., nq jevels decrease with decreadinghis resulted,
results. For closed flow without resonance, no communi-j, o<t cases. in an increase in peak amplitude over the
catlon_appears to exist b_etween t_he_ fo_re and aft WaIIS'ba(:kground level with decreasihg A decrease in peak
(See fig. 17(a).) Streamwise flow is indicated along the ;1 pjityde over background level is taken as a tendency
floor by the positive slope of the phase plots in 55y from resonance:; this agrees with the tendency that
figures 17(b) and (c). Loss of the low-frequency portion yeener cavities show towards closed cavity flow. There
of the phase in figure 17(b) is understandable becausg ore cases of clear increases in resonant amplitude

these data were obtained in the impingement region. FOfq e ater than that added by the decrease in background)
open flow, the negative slope above approxmatelywith depth. (See fig. 22(e), for example.) A slight

iOO Hz "; fifgure 1c?(af)t inc:llica%ehs uEstreaam feedback 4o crease in the reduced frequencies at which the resonant
between the fore and aft walls. The phase data presentege s qecur is also observed for cavities with decreases
in figures 18(b) and (c) for transducers on the cavity floor ;. 1y 4t jower values dfh, This effect also decreases with

indicate neither upstream nor downstream pmpagat'onincreasing/h and becomes no longer appareritiat 8.
but suggest a standing wave.

Note that for each plot, curves corresponding to dif-

Cross-channel analysis of data for transitional and ) !
closed cavity flow with resonance produced results thatferent values off also have different associated values of
w/h, due to constanw, and oféd/h, due to constani for

were consistent with spectra analysis and mean static-
i : . ~eachM_. No attempt was made to separate the effects
pressure data; that is, separated flow throughout the inte- o
. o due to each of these parameters.
rior of the cavity is not necessary for resonance to occur.
This result is significant because it indicates that a sepa-
rating store could experience both large pitching
moments and forced vibration simultaneously. For tran- From static-pressure results reported in reference 5
sitional flow, upstream feedback between the fore and aft(a cavity withI/h which supported transitional flow at

walls is also indicated in figure 19(a). Nothing can be high speeds tended towards closed flow at low speeds),

Effect of Mach Number

8



the expectation would be that the peak amplitudes wouldresonant frequencies withl
Although this is not Rossiter equation.
observed in figures 21 and 22, the characteristics of the

Results are similar to thoseNASA Langley Research Center

decrease with decreasinil,.

spectra did change witkl .

were consistent with the

reported in reference 10—although clear resonancesHampton, VA 23681-2199
occur forM_ = 0.80 through 0.95, a possible destabili- August 7, 1997

zation of the feedback process that generates resonance is

indicated forM_, = 0.60 and 0.4. The evidence for this References

result includes increases in energy observed over broad-
ening frequency bands and multiple peaks. For most
= 0.20 do not indicate resonance.

cases, spectra M

As apparent in figure 23, resonance occurs at slightly 2.
lower reduced frequencies for increasing,,. Only
small discrepancies occur between the predicted and
observed values of the Rossiter frequencies which are 5
acceptable because single values for the empirical con-

stants k(M_) anda(l/h) were used in the modified

in cavity h andw.

Concluding Remarks

In general, cavities change from resonant to nonreso-
nant with peak amplitudes decreasing gradually as 6.
length-to-depth ratid/h increases. Resonant spectra are
obtained primarily in cavities with mean static-pressure
distributions characteristic of open and transitional flow. -
There are cases for which resonance occurs for closed
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upstream feedback between the fore and aft walls simul-
taneously with streamwise flow along the floor of the

cavity. Resonant frequencies decrease with incred#ing
as would be expected from the Rossiter equation.
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increasing resonant amplitudes. Cases in which increas-
ing the cavity width induced resonance were found to
occur. Small shifts in resonant frequencies with changes
in cavity widthw (an increase in resonant frequency with 1q.

an increase iw) are observed for low values ld.

Decreasing cavity depth has the effect of increasing
the resonant amplitudes (the peak magnitude remains thél
same while the background level decreases). Small shifts

in resonant frequencies with changeita decrease in
resonant frequency with a decreash)iare observed for
low values of/h.

Because different effects are observed for decreasing
cavity depth and increasing cavity width, both of which
increase w/h, the conclusion is that neither effect

observed is due to changesifin.

The effect of decreasing free-stream Mach numberi4.
M_ is to broaden the cavity resonances. Shifts in
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Figure 1. Flow field models and associated pressure distributions for supersonic speeds (ref. 20).
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Figure 2. Representative cavity floor pressure distributions for cavity flow field types at subsonic and transonic speeds
(ref. 5).
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L-91-02270
(&) Downstream view of model installed in Langley 8-Foot Transonic Pressure Tunnel.

Figure 4. Variable cavity model.

14



3600 111.00
—| =600 — 12.00 [~—
/—Lemi ng-edge
I . .
assembly AftwalV'S“dmg plate
A A
Flow \ » \’v I 7 \
—
= |
48.00 y \ Cavity
¢ Flat plate
T X
1 : _+_>h Trailing-ed
1.00 l— | railling-edge
contour, wedge
Fairing L Drive motor
L eading-edge contour, 12:1 ellipse
Section A-A

(b) Sketch of variable cavity model. Linear dimensions are in inches.

Figure 4. Concluded.
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2
3 |
h i :r; X 11
45 6 9 10 |
Transducer | X, in. | y,in. | zin. MO(‘:IeI qumce Refqmce qumce
|ocation X, in. y, in. zin.
1 0.00 | 0.00 | 03 | Forwardwall 2.00 2.40 h
2 0.00 | 0.00 | 0.6 | Forwardwall 2.00 2.40 h
3 0.00 | 0.00 1.2 | Forward wall 2.00 2.40 h
4 264 | 0.00 h Floor 2.00 2.40 h
5 528 | 0.00 h Floor 2.00 2.40 h
6 7.92 | 0.00 h Floor 2.00 2.40 h
7 10.56 | 0.00 h Floor 2.00 2.40 h
8 15.72 | 0.00 h Floor 2.00 240 h
9 21.00 | 0.00 h Floor 2.00 2.40 h
10 36.56 | 0.00 h Floor 2.00 2.40 h
11 I 0.00 | h/?2 Aft wall I 0.00 0.63h—
0.74h

Figure 6. Transducer locations.
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